In centrosome-containing cells, spindle assembly relies on microtubules (MTs) nucleated from both centrosomes and chromosomes [1, 2] . Recent work has suggested that additional spindle MTs can be nucleated by g-tubulin ring complexes (g-TuRCs) that associate laterally with preexisting spindle MTs, leading to spindle amplification. It has been proposed that in Drosophila S2 cells, g-TuRCs are anchored to the spindle MTs by augmin, a multiprotein complex that contains at least eight subunits [3] [4] [5] . Here we show that the Dgt6 component of augmin is primarily required for kinetochore fiber (k-fiber) formation. An analysis of MT regrowth after cold exposure showed that formation of kinetochore-driven k-fibers is severely impaired in Dgt6-depleted cells. In control cells, these fibers are enriched in Dgt6, g-tubulin, and Msps/XMAP215. Consistent with these results, Dgt6 coprecipitates with Msps, D-TACC, g-tubulin, Ndc80, and Nuf2. However, RNA interference (RNAi)-mediated inhibition of g-tubulin, Msps/XMAP215, or Ndc80/Hec1 reduced but did not abolish k-fiber regrowth. These results indicate that Dgt6 plays a pivotal role in kinetochore-driven k-fiber formation, mediating nucleation and/or initial stabilization of chromosome-induced MTs. We propose that Dgt6 binds and stabilizes nascent chromatin-induced MTs, facilitating their interaction with the Ndc80-Nuf2 complex. Dgt6 may also promote elongation of kinetochore-driven k-fibers through its interaction with g-tubulin and Msps.
Results and Discussion

Subcellular Localization of the Dgt6 Protein
The Drosphila Dgt6 protein contains no known functional motifs but is evolutionarily conserved in other metazoans, including humans [3, 6, 7] . We raised a rabbit polyclonal antibody against Dgt6 that recognizes a band of the expected molecular weight (MW) (w73 kDa) in western blots from S2 cell extracts; this band was absent in extracts from Dgt6 RNA interference (RNAi) cells ( Figure 1A ). Dgt6 associated with the spindles of control S2 cells but not with those of Dgt6 RNAi cells, confirming the specificity of the antibody ( Figure 1B) .
In prophase cells, Dgt6 localized at the center of the asters (Figure 1Ca ). In prometaphase and metaphase figures, it was associated with the entire spindle (Figure 1Cb ). During early anaphase, Dgt6 was primarily detected on the kinetochore fibers (k-fibers) undergoing anaphase shortening ( Figures  1Cc and 1Cd) . In late anaphase and telophase, Dgt6 became enriched at the central spindle but was excluded from its middle region (Figures 1Ce and 1Cf) . In interphase cells, Dgt6 displayed a uniform distribution (data not shown). Brain cells and spermatocytes from wild-type Drosophila larvae displayed a Dgt6 staining pattern comparable to that observed in S2 cells (see Figure S1 available online).
Loss of Dgt6 Disrupts Spindle Formation and Chromosome Segregation
Previous work has shown that RNAi-mediated depletion of Dgt6 results in low spindle microtubule (MT) density, monopolar spindles, and defects in chromosome alignment and segregation [3, 8] . We examined S2 cells treated for 5 days with Dgt6 double-stranded RNA (dsRNA) and confirmed these phenotypes (Table S1 ; Figure S2 ). Dgt6 RNAi cells were also examined for the distribution of the spindle checkpoint (SAC) component Zw10. In 70% of control metaphases (n = 50), Zw10 associated with both kinetochores and k-MTs. This staining pattern is thought to reflect a ''streaming'' of Zw10 toward the spindle poles [9] [10] [11] . In contrast, in all Dgt6-depleted prometaphase/metaphases (n = 60), Zw10 was restricted to kinetochores and failed to ''stream'' along the spindle MTs (Figure 1D) , suggesting a strong reduction in k-fibers [10] .
We have previously observed that Dgt6-depleted cells exhibit many anaphase/telophase-like spindles that contain chromosomes with joined sister chromatids [8] . Immunostaining for Cenp-C [12] confirmed these findings. In 80% of these peculiar anaphase/telophase spindles (n = 73), most chromosomes displayed two centromeric spots ( Figure 1E ), indicating a failure in sister chromatid separation. Consistent with these findings, in most of these anaphase/telophase-like figures, cyclin B was quantitatively similar to metaphase cells, whereas in control cells it was degraded during anaphase and absent from telophases ( Figure S2) . Notably, the phenotype caused by Dgt6 depletion is comparable to that elicited by RNAi for kinetochore components such as Ndc80/Hec1, Nuf2, and Nsl1 [8] .
To extend our observations on fixed material, we imaged S2 cells that express GFP-tubulin [13] . Both control (n = 18) and Dgt6 RNAi (n = 15) cells formed metaphase spindles within 35 min of the first appearance of asters. However, the metaphase spindles of the RNAi cells showed reduced MT density ( Figure S2 ; Movies S1 and S2). The differences between control and Dgt6-depleted cells became more pronounced after prometaphase/metaphase. In controls (n = 12), metaphase spindles assumed a typical telophase configuration within 30 min of the beginning of imaging ( Figure 1F ; Movie S3). In contrast, 14 of the 16 Dgt6 RNAi cells examined did not form a telophase spindle throughout 1.5 hr of imaging. During this time interval, the spindles of these cells changed their morphology quite frequently, varying in pole-to-pole length and often assuming curved shapes. However, regular central spindles never formed, and the spindles eventually collapsed *Correspondence: patrizia.somma@uniroma1.it( Figure 1F ; Movies S4 and S5). The remaining two cells formed a curved telophase-like spindle that quickly collapsed (Movie S6).
These results are in conflict with those of Goshima and coworkers [3] . In their experiments, 18 out of 20 Dgt6 RNAi cells were delayed in chromosome congression, but eventually the chromosomes formed a metaphase plate and achieved successful sister chromatid separation. The reasons for this discrepancy are unclear; it is possible that the degree of Dgt6 depletion in our experiments was higher, resulting in a more severe phenotype.
Dgt6 Interacts with the D-TACC-Msps Complex and g-Tubulin
To explore the role of Dgt6 at the spindle poles, we asked whether it is required for proper localization of proteins involved in spindle pole and/or centrosome-related functions. Immunostaining for g-tubulin, Dd4/Dgrip91, Cnn, DSpd-2, and Asp (reviewed in [14] ; see also [15] ) showed that these proteins regularly accumulate at the centrosomes and/or spindle poles of Dgt6-depleted cells ( Figure S3 ). However, loss of Dgt6 resulted in a strong reduction in the centrosomal accumulation of both Msps and D-TACC [16] [17] [18] (Figures 2A, 2C , and 2D). In cells depleted of Msps ( Figure 2B ), g-tubulin, Cnn, DSpd-2, or D-TACC (data not shown), Dgt6 did not accumulate at the anastral spindle poles but displayed a regular localization on the spindle.
We next asked whether Dgt6 physically interacts with g-tubulin and the D-TACC-Msps complex ( Figure 2E ). Coimmunoprecipitation (coIP) experiments with S2 cell extracts showed that Dgt6 coprecipitates with D-TACC, Msps, and g-tubulin, whereas Cnn was not detected in precipitates. Control coIP experiments with extracts from Dgt6 RNAi cells showed that the anti-Dgt6 antibody does not precipitate Msps and g-tubulin in the absence of Dgt6. In addition, we found that an anti-Msps antibody precipitates Dgt6 from cell extracts that express Dgt6-HA ( Figure 2E ). Negative controls showed that Dgt6, Msps, and g-tubulin do not associate with nonspecific immunoglobin Gs (IgGs) ( Figure S4 ). We thus conclude that Dgt6 interacts in vivo with D-TACC-Msps and g-tubulin.
Dgt6 Interacts with Ndc80-Nuf2 and Cenp-Meta We next asked whether Dgt6 is required for proper recruitment of well-characterized Drosophila kinetochore proteins such as Cenp-C, Ndc80/Hec1, the Aurora B kinase, Cenp-meta/ Cenp-E, and the SAC proteins BubR1 and Zw10 [11, [19] [20] [21] . RNAi-mediated Dgt6 depletion resulted in a strong reduction of the Cenp-meta staining at kinetochores but did not affect the localization of Cenp-C, Ndc80, Aurora B, BubR1, and Zw10 ( Figures 2D, 2F , and 2G; Figure S3 ).
Because Cenp-meta interacts with Ndc80 [19] , we asked whether Dgt6 interacts with these proteins ( Figure 2H ). Our anti-Dgt6 antibody precipitated both Ndc80 and Cenp-meta from normal S2 cell extracts but not from extracts of Dgt6 RNAi cells, and neither Ndc80 nor Cenp-meta was precipitated by nonspecific IgGs ( Figure S4 ). In addition, the anti-Ndc80 and the anti-Cenp-meta antibodies precipitated Dgt6-HA from S2 cell extracts that express this tagged protein ( Figure 2H ). However, the anti-Dgt6 antibody precipitated Ndc80 from Cenp-meta-depleted extracts but failed to precipitate Cenp-meta from Ndc80-depleted extracts ( Figure 2I ), suggesting that the interaction between Dgt6 and Cenpmeta is mediated by Ndc80. Consistent with the notion that Ndc80 and Nuf2 form a complex [19] [20] [21] , we found that an anti-Nuf2 antibody precipitates Dgt6 ( Figure 2H ; Figure S4 ). Thus, we conclude that Dgt6 interacts in vivo with the Ndc80-Nuf2 complex, which in turn interacts with Cenp-meta.
Dgt6 Is Required for Chromosome-Induced MT Nucleation
To define the role of Dgt6 in spindle assembly, we performed an MT regrowth assay in prometaphase/metaphase cells following cold-induced MT depolymerization. S2 cells were fixed at various times after cold exposure and then stained for both a-tubulin and Cnn. In both control and Dgt6-depleted cells, MTs were completely depolymerized after 2 hr of cold treatment (Figure 3) . However, the patterns of MT regrowth observed in control and Dgt6 RNAi cells were dramatically different.
In control cells returned to 25 C for 15 s, MT regrowth was primarily associated with the chromosomes. In most cells, we observed short, randomly oriented MT bundles emanating from the chromosomes, whereas the centrosomes were not associated with nascent astral MTs ( Figures 3A, 3C, and 3D) . Staining for Cenp-C showed that these MT bundles were growing k-fibers connected with the kinetochores (Figure 3C ). After 45 s at 25 C, most control cells displayed both k-fibers and short centrosome-associated astral MTs (Figures 3A and  3D ). After 75 s, the k-fibers and the astral MTs were connected in most cells, forming spindle-like structures with a low MT density. After 3 and 5 min of regrowth, MT density was substantially increased in most spindles, which displayed a compact appearance comparable to that seen before cold exposure ( Figure 3A) .
It has been suggested that MT regrowth approaches might not correctly reflect the in vivo situation because increases in the pool of soluble tubulin generated by MT depolymerization could alter normal MT nucleation patterns [22] . However, the pattern of k-fiber regrowth observed in our experiments is virtually identical to the normal pattern of kinetochore-driven k-fiber formation observed by Maiato and coworkers in Drosophila S2 cells not exposed to MT depolymerizing agents [23] . Maiato et al. proposed that kinetochores capture the plus ends of the MTs that form in their vicinity and that polymerization of these plus ends leads to the formation of k-fibers with the minus ends pointing away from the chromosomes [23] . Our results are fully consistent with this model and strongly suggest that MT regrowth after cold exposure mimics the MT nucleation pathways that occur during normal mitotic division.
In cold-treated Dgt6-depleted cells returned to 25 C for 15 s, most prometaphase/metaphases failed to show MT regrowth from either the chromosomes or the centrosomes. Thirty percent of these cells displayed MT nucleation from the centrosomes, whereas chromosome-associated MT regrowth was virtually absent (Figures 3B and 3D) . A similar pattern of MT regrowth was observed in cells returned to 25 C for either 45 or 75 s. In these cells, however, the MTs emanating from the centrosomes were much longer than after 15 s regrowth ( Figure 3B ). After 3 and 5 min at 25 C, the cells continued to display long centrosome-nucleated MTs but lacked robust k-fibers ( Figure 3B ).
To further explore the role of Dgt6 in kinetochore-driven MT regrowth, we stained cells returned to 25 C for 15, 45, or 75 s for a-tubulin and either Dgt6 or Msps, and for both Dgt6 and g-tubulin. In control cells, Dgt6, g-tubulin, and Msps were enriched at both the growing k-fibers and the center of the asters (Figures 4A-4C) . In Dgt6-depleted cells, the chromosomes were not associated with either g-tubulin or Msps signals, consistent with the absence of chromosome-induced MT formation (Figures 4D and 4E) . Most nascent asters of these Dgt6-depleted cells showed clear g-tubulin and Msps enrichments at the centers of the MT arrays ( Figures 4D and  4E) . However, whereas g-tubulin was consistently associated with regrowing astral arrays, Msps was no longer enriched at the asters of cells returned to 25 C for 75 s or 3 min ( Figure 4E ). Thus, although rapidly regrowing astral MTs can recruit Msps in a Dgt6-independent manner, stable Msps localization around the centrosomes requires Dgt6.
We also examined MT regrowth in cells depleted of g-tubulin, Msps, or Ndc80. Msps-depleted cells returned to 25 C for 15-75 s displayed kinetochore-associated MT bundles highly enriched in Dgt6 ( Figure 4F ). However, the MT bundles observed after 75 min regrowth were shorter than in control cells (compare Figures 4A and 4F) , suggesting that Msps mediates elongation but not initial formation of kinetochore-driven k-fibers.
g-tubulin-depleted cells returned to 25 C for 15-75 s did not show MT regrowth from the centrosomes, as expected for cells lacking g-tubulin ring complexes (g-TuRCs). However, the same cells showed Dgt6-positive MT bundles near the chromosomes. The cells displaying these MT bundles were less frequent than in controls returned to room temperature for the same times ( Figure 4J ). When present, the MT bundles were generally longer and thinner than those observed in control cells and did not converge toward the spindle poles because of the absence of astral MTs ( Figure 4G ). Thus, in the absence of g-tubulin, kinetochore-driven MT regrowth is delayed in most cells but not suppressed. In Ndc80-depleted cells, MT regrowth from centrosomes occurred earlier than in control cells ( Figure 4J ). These cells also displayed chromosome-associated MT bundles that were longer and thinner than those observed in control cells ( Figure 4H and 4I) .
Finally, we analyzed Dgt6 localization in colcemid-treated cells. In control cells and in cells depleted of either Ndc80 or g-tubulin, we observed kinetochore-associated a-tubulin signals; these signals were completely absent in Dgt6 RNAi cells ( Figure S5 ). We believe that these signals correspond to kinetochore-associated colcemid-resistant MTs, consistent with an essential role of Dgt6 in k-fiber formation.
The Role of Dgt6 in Spindle Assembly
In agreement with previous work [3, 5] , we have found that the mitotic and the MT regrowth phenotypes caused by depletion of different augmin subunits are remarkably similar (Table S2 ; Figures S6 and S7) . Thus, although we focus on Dgt6, we believe that our model for the Dgt6 function could apply to the augmin complex as a whole.
Previous studies have shown that Dgt6 and its human ortholog FAM29A are dispensable for the initial steps of MT regrowth after colcemid-or nocodazole-induced MT depolymerization but are essential for subsequent formation of k-MTs [3, 6] . It has been suggested that regrowing k-MTs bind Dgt/FAM29A, which in turn recruits g-TuRCs for additional MT nucleation [3, 6] . In contrast, we have shown that Dgt6 is required for the very early steps of MT regrowth after cold exposure. This discrepancy might be due to an incomplete MT depolymerization after chemical treatments ( Figure S5 ), an incomplete RNAimediated depletion of Dgt6/FAM29A, or both.
Our results show that in both g-tubulin-and Ndc80-depleted cells, chromosome-induced MT regrowth is defective but not completely suppressed. This finding is surprising, given that g-tubulin is the principal MT nucleation factor in eukaryotic cells (reviewed in [24] ) and that the Ndc80 complex is required for MT-kinetochore interaction [25, 26] . Thus, although g-tubulin and Ndc80 are essential for spindle assembly and chromosome segregation [8] , neither of these proteins is crucial for the early steps of kinetochore-driven k-fiber formation, which require Dgt6.
We have shown that Dgt6 interacts with g-tubulin and that regrowing k-fibers are enriched in g-tubulin. This enrichment might be due to g-TuRCs associated with the minus ends of individual k-MTs that are pushed away along the k-fibers by MT polymerization at the kinetochore. However, our results do not exclude the possibility that k-fiber-bound Dgt6 recruits new g-TuRCs, which might nucleate additional MTs and contribute to k-fiber extension.
The very early block in k-MT regrowth caused by Dgt6 depletion is consistent with a role of Dgt6 in either MT nucleation or initial stabilization. We speculate that Dgt6 binds and stabilizes nascent chromatin-induced MTs, facilitating their interaction with the Ndc80-Nuf2 complex. Moreover, given that the Xenopus ortholog (XMAP215) of Msps catalyzes tubulin dimer addition to the MT ends [18] , Dgt6 might also promote k-fiber elongation by recruiting Msps.
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